ABSTRACT -
INTRODUCTION
Flooded soils in southern Brazil occupy an area of approximately 6,800,000 ha and are preferentially cropped with irrigated rice. Deficient drainage is the dominant characteristic of such soils (Klamt et al. 1985) . Another relevant aspect that characterizes flooded soils is the naturally medium to low fertility. This is unfavorable for upland crops, causing poor development and low yield of these species. The main cause of these losses is the lack of free oxygen in the soil. However, plant species differ in their response to flooded soils. Plant tolerance can vary from only a few hours to many days or weeks, depending on the species, on the directly affected organs, the development stage, and the temperature conditions (Vartapetian and Jackson 1997) .
Maize (Zea mays L.) presents genetic variability for tolerance to flooded soil (Lemke-Keyes and Sachs 1989 , Sachs et al. 1996 ; but there are few studies on the genetic basis of flooding tolerance. Studies by Lemke-Keyes and Sachs 1989 with seedlings of crosses of lines tolerant and sensitive to flooded soils showed that anoxia tolerance was dominant and presented simple segregation, indicating that one or two genes were involved in the manifestation of the trait. On the other hand, Schild et al. (1999) showed that maize was very sensitive to conditions of water-saturated soil and verified a direct relation of the damage with the duration of flooding.
Flooding-tolerant genotypes must be developed if maize is to become an option for crop rotation in flooded areas. Due to environmental variation, the trait is difficult to assess on the field. In addition, this trait is related with the coordinated action of morphological, anatomical and biochemical adaptations (Bucher and Kuhlemeier 1993) . However root and plant dry matter, SDA Silva et al. SDA Silva et al. correlated with flooding tolerance, are easily measurable traits, which allows an estimate of flooding tolerance in young maize plants (Dias-Filho and Carvalho 2000 , Lizaso et al. 2001 , Vitorino et al. 2001 , Dias-Filho 2002 .
The objective of this study was to determine the inheritance and heritability values of flooding tolerance in maize based on the root and plant dry matter traits assessed in young plants tested in a greenhouse.
MATERIALS AND METHODS
Three maize lines of the breeding program for flooding tolerance of Embrapa Clima Temperado (Pelotas, RS) were used in this study. The lines were derived from a previously selected base population composed of subtropical germplasm with different performances regarding flooding tolerance, namely the tolerant line CT954330, called T2, and the susceptible lines CT966200 and CT966208, called S5 andS6, respectively.
In the growing season 1998/99 crosses were made to obtain three populations in the F 1 generation (T2 x S5, T2 x S6 and S5 x S6) on an experimental field of Embrapa Clima Temperado. In the growing season 1999/2000, the parents and F 1 generation were sown on an experimental field of the Faculdade de Agronomia of the Universidade Federal do Rio Grande do Sul to obtain the F 2 generation and backcrosses BC 1 F 1 (BC 1 ) and BC 2 F 1 (BC 2 ); the lines were used as female parents and F 1 as the male parent.
Flooding tolerance was assessed in experiments carried out in a greenhouse of Embrapa Clima Temperado in 2000 and 2001. A complete randomized design was used with two replications. Fifteen plants were assessed in each fixed generation (parents and F 1 ), 150 plants from the F 2 generation and 45 plants from each backcross. The genotypes were sown into 200 mL plastic cups with perforated bottom that were filled with corrected and fertilized soil. The cups were placed in wooden boxes lined with plastic to prevent water leakage. One day before sowing the boxes were filled with water up to a level of 4 cm. Under these conditions, one seed was placed approximately 2 cm deep in the soil of each cup. The plants were first flooded eleven days after emergence in 12 cm of water and kept submersed for four days. After this period of flooding, the water was drained from the box and the cups were maintained in 4 cm of water for 10 days. They were then flooded again. After four days of flooding, the excess water was removed and the experiment harvested after seven days.
The assessed traits were root dry matter (RDM) and plant dry matter (PDM). At harvest, the roots and leaves of each plant of each replication were collected separately. After washing, the material was oven-dried at 60 °C for 5 days and then weighed. The data were submitted to analysis of variance to verify the effect of replication and generation. Means were separated by Duncan's test. The means, variances and heritability were estimated based on the frequency distribution of the traits in the different generations (Allard 1999) . The genetic parameters mean.
[m], additivity [a] , and dominance [d] were also estimated for each cross by analysis of generation means, using the expected least square method (Mather and Jinks 1982) . These estimates were followed by the joint scaling test, where the observed and expected means were compared by the Chi-square test with 5 df (number of generations minus one).
RESULTS AND DISCUSSION
Plant performance varied depending on the year when the experiment was performed. Plant growth was greater in 2000, resulting in increased root and plant dry matter yields (Table 1) , whereas in 2001, less development was observed and the variables analyzed presented lower values. This different performance can be explained by the environmental variations, especially temperature, which was higher in the experiment carried out in 2001. Temperatures over 27 °C are harmful to plants under flooding stress (Lemke-Keyes and Sachs 1989 , Lizaso et al. 2001 ). According to Van Toai et al. (1985) , the causes of increased susceptibility of plants suffering flooding stress under high temperatures may be the reduced solubility of oxygen in water, the higher metabolic indices in the plant, the accumulation of toxic metabolic products, the high expiration indices, or increases in pathogen activity. Another factor that may have influenced the reduction in these variables in 2001 was the use of soil without fertilization that may have resulted in plants with less vigor and higher stress sensitivity.
A joint analysis of the years was not possible due to the genotype x environment interaction although the ranking of performance of the parents remained stable over the course of the two years. Line T2 was the genotype with the greatest dry matter production, both in roots and leaves, confirming its stress tolerance, while line S6 presented intermediate performance and line S5 presented the worst performance for flooding tolerance, demonstrating high sensitivity to this factor (Table 1) .
The average performance of the F 1 generation for the plant dry matter trait was greater than the parents in the three studied populations, suggesting the presence of heterosis for tolerance in the trait control ( Table 2 ). The variances of the segregating generations were higher than those observed in the fixed generations in all cases (Table  2) , indicating the presence of genetic variability for plant dry matter in the analyzed crosses. Generally, lower variances were observed in the parents and the F 1 generation, suggesting that the environments had a similar influence on all generations. The results of means and variances obtained for the variable root dry matter were similar (Table 3) and also indicated the presence of genetic variability and heterosis in the three crosses.
The analysis of frequency distributions of the T2 x S5 population showed the difference in the performances of the parents for the plant dry matter variable (Figure 1 ), indicating differences for flooding tolerance. The individuals in the F 1 generation were grouped in classes equal or superior to the tolerant parent, suggesting the presence of dominance of the trait. Continuous variation and transgressive segregation was observed in the F 2 generation. These results indicated that many genes, which act in a complementary way among the parents, determine the trait. An increased dry matter content was detected in this generation, confirming the action of genetic dominance.
There was a small overlap of the parent curves in the T2 x S6 population, suggesting that line S6, with intermediate performance, also has genes for flooding tolerance (Figure 1 ). The F 1 generation confirmed the presence of dominance towards tolerance and the F 2 generation performed similarly to the T2 x S5 population. The F 1 generation presented much higher values in 2001 compared to the other generations, reaching values that outmatched the best individual in the F 2 generation, which can be attributed to the effects of the genotype x environment interaction. The S5 x S6 population represented the cross between two flooding-sensitive lines and the performance of all generations confirmed the previous results and showed that the lines had different genes for the trait (Figure 1) .
For the root dry matter variable, the frequency distributions of the three populations presented similar performance to those observed for plant dry matter (Figure 2) , indicating the presence of genetic variability among the parents and dominance effects. The correlation between both variables was r=83%; however, it is important to point out that this similar performance observed in the two measured variables does not necessarily mean that the same genes are involved in its expression. In this sense, Ellis et al. (1999) demonstrated the existence of distinct adaptive mechanisms for survival under hypoxia in roots and leaves, indicating that the alcohol fermentation process is essential to the roots, but not the leaves. These authors therefore suggested that the ABA hormone induces tolerance in roots only.
The present results indicated that the genotypes under study presented more than a single gene for flooding tolerance and that the dominant gene action and the complementary action of the genes were important aspects in the trait expression. There are no data in the literature regarding genetic control of the plant or root dry matter traits in plants cultivated under conditions of anaerobic stress. However, Sachs et al. (1996) assessed maize genotypes for tolerance to anaerobic stress, based on plant survival, and inferred that the predominant type of gene action was dominance, with few genes involved in the manifestation of the trait, in agreement with Boru et al. (2001) and Setter et al. (1997) .
The estimates of variance showed that the genetic variances were higher for all crosses under study (Table  4) , reflecting a high degree of genetic determination for both study traits, in agreement with the broad-sense heritability estimates. Additive variance, estimated by the relationship between the F 2 and the backcross generation variances was also high in all crosses, and was overestimated for the PDM variable in the T2 x S6 cross (Table 4 ). The narrow-sense heritability estimates were high as well, but these values may have been inflated because the genotype x environment interaction was not assessed (Table 4 ). In the case of the T2 x S6 cross, the narrow sense heritability was higher than one, which might be due to the genotype x environment interaction that may have caused a different response of the F 2 generation and the backcross generations, by non-allele interactions or by sampling errors (Ketata et al. 1976) . There is little data in the literature for the estimate of heritability for plant and root dry matter under stress conditions.
The estimates of the genetic effects using the three-parameter model (Mather and Jinks 1982) adequately fitted to the S5 x S6 cross. The estimates of the genetic effects using the three-parameter model (Mather and Jinks 1982) adequately matched the data obtained with theS5 x S6 cross in the two years of Inheritance of tolerance to flooded soils in maize (Table 5 ). The lower magnitude of the additive effects in all populations should be interpreted as a sign of dispersion of genes related to the manifestation of PDM and RDM in the parents, reducing the estimates of the additive effect (Table 5 ). This hypothesis of gene was not affected by the presence of genes that increased or decreased the trait. The sign associated to the additivity and dominance estimates indicates the parent that concentrates the greatest number of genes to increase the trait, and the convention is the positive sign for P1 and the negative sign for P2. Consequently, the positive sign of additivity in the T2 x S5 and T2 x S6 indicated that the tolerant T2 line presented the highest number of genes for flooding tolerance.
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